A peak of the detected fluorescence rate per molecule has recently been observed in experiments of fluorescence correlation spectroscopy carried out on subwavelength apertures in metallic screens, a phenomenon that appears at a diameter-to-wavelength ratio below the fundamental mode cutoff. Although the origin of the resonant transmission through a subwavelength aperture has been well explained in terms of excitation of plasmon surface modes on the aperture ridge, the origin of the maximum that occurs at a radius-to-wavelength ratio smaller than 1 / 4 was not clear. Using a rigorous electromagnetic theory of light diffraction in cylindrical geometry, we show that it is linked to the appearance of the fundamental mode propagating inside the aperture. We obtain good agreement between the theoretical and the experimental results.
INTRODUCTION
Since the experimental breakthrough by Ebbesen and co-workers 1,2 on the extraordinary transmission of light through periodic and single holes milled in a metallic screen, several new fields of research have emerged, taking advantage of the amazing properties of these nanostructures. While the array periodicity can excite resonantly surface plasmons, [3] [4] [5] [6] light diffraction on single holes has been shown to lead to many interesting physical phenomena, such as the excitation of local surface plasmon modes, 2, 7 the edge effects due to current discontinuities, 8, 9 and the excitation of evanescent or propagation modes of the hollow circular waveguide formed inside the aperture. 10, 11 The ability to localize light in spots much smaller than the volume predicted by diffraction theory offers attractive applications in biophotonics, such as probing a few molecules in a highly concentrated solution [12] [13] [14] or monitoring a cell membrane with a submicrometer resolution. 15, 16 A second property is the ability to enhance the fluorescence signal emitted within the nanoapertures. While this effect was first experimentally proven for periodic or random arrays of nanoapertures, [17] [18] [19] [20] recent work has independently demonstrated that a single subwavelength aperture could also lead to a significant enhancement of the fluorescence rate emitted per molecule, 13, 21 when the diameter-to-wavelength ratio is smaller than 1 / 4, just below the cutoff of the fundamental mode that can propagate inside the hole.
The aim of this paper is to numerically investigate the excitation field enhancement for a circular subwavelength aperture milled in a real aluminum film, to compare the results with the experiment, and to provide a physical explanation for this phenomenon. Figure 1 presents a cross section of the geometry under study. It consists of a 220 nm thick aluminum layer deposited on a glass slice and pierced by single holes having different diameters and illuminated from the plate side by a normally incident plane wave linearly polarized in the x direction. The aperture and the substrate region are filled with liquid, which is the solvent used in the fluorescence experiment described below. While most of the research on transmission through subwavelength holes use silver or gold screens, the choice of aluminum already made in Ref. 13 is due to the tarring of silver in air and to the drop of gold reflectivity below 550 nm.
FIELD ENHANCEMENT INSIDE SINGLE SUBWAVELENGTH APERTURES AND THE ROLE OF LOSSES
Figures 2(a) and 2(b) present numerical and experimental results on the electric field intensity as a function of the aperture radius for two different wavelength val-ues. The experiment at an excitation wavelength of 488 nm is made with Rhodamine 6G (which reemits at 550 nm), while at 633 nm the fluorescent molecule was Cyanine 5, which reemits at 650 nm. The experimental results correspond to the ratio between the measured fluorescence rate per molecule inside the aperture and the fluorescence rate per molecule in an open solution (the incoming excitation power is fixed and carefully set to avoid photobleaching and saturation of the fluorescence emission; more details on the experimental apparatus and data analysis are given in Ref. 13 ).
The numerical results are obtained using the differential method in cylindrical coordinates described in Ref. 22 .
Unfortunately, the recent state of the theoretical method does not allow modeling of the emission by a dipole inside the aperture, so the calculations concern only the excitation field. The refractive indices are equal, respectively, to n glass = 1.5 for the substrate, n w = 1.4 for the solvent, n Al = 0.6276+ i5.4524 at 488 nm, and n Al = 1.2126+ i6.9258 at 633 nm for the metallic layer. The mean excitation density (over the probed nanoaperture volume) is defined as the total excitation intensity I V per unity of effective volume V eff :
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where the excitation intensity is given by
We focus here on the role played by the excitation field on the observed fluorescence enhancement, and therefore we make the assumption that the local collection efficiency is uniform and set to unity over the entire observation volume. In this case, the effective volume is defined as usual in confocal fluorescence microscopy 23 :
.
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The numerical integration of the field intensity is made over two different volumes V of integration. The first one V int consists of the region inside the aperture and provides the values int presented with open circles in Fig. 2 .
The second volume V tot contains the inner part of the aperture plus a region below the screen extended in a cylinder with 10 m diameter and 3 m height. Outside this volume the electric field intensity drops to 1 / 1000 of its value on the aperture exit. The mean excitation density calculated inside this volume is called tot and is denoted by solid circles. Its values are slightly lower than the mean excitation density int inside the aperture. The difference is negligible for small apertures, as long as the electric field penetration below the screen is quite weak (intensity of the order of 10 −13 without a hole). The difference between the two densities increases with the hole radius, as the transmission due to the aperture is growing on and becomes significant above the fundamental cutoff (see Fig. 3 ).
The theoretical results follow well the experimental data, indicating that almost the entire enhancement of the fluorescence rate per molecule can be explained by the increase of the mean excitation density. However, there is a systematic difference between the experimental data and the theoretical model. This effect is possibly due to the influence of the aperture on the local collection efficiency, which is obviously not constant over the whole nanoaperture volume and needs to be taken into account to fully model the experimental observations. Note that the local collection efficiency stands for the electromagnetic power emitted by a dipole located inside the aperture, which is collected by the detector. In this respect, it includes the radiation pattern alteration and the possible lifetime reduction. The complete description of the fluorescence enhancement process would require the calculation of the local collection efficiency. However, this is beyond the scope of this paper.
Since the field intensity strongly varies within the hole depth (see Fig. 3 ), we shall compare its values calculated at a fixed distance (i.e., fixed value of z) from the aperture entrance on the metal-glass interface. The mean field intensity I S is defined as the integral per unit surface over the aperture cross section S:
One can note in Fig. 2 that at low aperture radius the increase of the aperture surface leads to an increase of the mean excitation density . This is due to several different effects and could be predicted from the perturbation analysis. 24 First, the aperture acts as a defect that diffracts the incident light. This effect originates from the aperture and is thus strongly localized inside the hole and is rapidly decreasing in all directions. Second, as described in Section 1, edge effects lead to an accumulation of charges on the edges, which additionally enhances the local field. The third effect is the excitation of local surface plasmons propagating away from the aperture along the metallic-dielectric interfaces. Due to the linear polarization of the incident light, all these effects are highly anisotropic, 8, 24 but one can observe a clear tendency in the behavior of the mean excitation; it increases with R until reaching a maximum at a value of R approximately equal to 1 / 4.5 of the wavelength inside the solvent for the two excitation wavelengths used experimentally (for example, / n w is equal to 348.5 nm while the optimal radius R m is equal to 75 nm at a wavelength of 488 nm). Of course, one can always expect the existence of one or several maxima in the curves. For instance, for sufficiently large radii, the field is dominated by the Fresnel transmission through the glass-solvent interface, yielding a mean intensity I S equal to 1.07 times the incident field intensity, at least in the limit when R → ϱ. The amazing fact is that the maximum occurs at such small aperture dimensions, much smaller than the dimensions that are the optimal ones for plasmon excitation on the glassaluminum interface, 24 an effect known to be responsible for the extraordinary transmission through subwavelength holes. It turns out that the maximum of the mean excitation field (and of the fluorescence that it causes) occurs just below the cutoff of the fundamental mode that can propagate inside the hole. We will show that the appearance of a propagating mode increases absorption losses, which thwart the increase of the mean excitation field, and forms a maximum just below the cutoff. Figure 3(a) shows the decrease of the mean field intensity I S inside the hole depth (for a fixed metallic layer thickness equal to 220 nm) for several different aperture radii. The behavior of the field inside the hole (at least for narrow holes) is determined mainly by the fundamental waveguide mode, evanescent or propagating inside the hollow metallic waveguide representing the hole. It is well known that this mode has a cutoff below which the light field cannot propagate and rapidly decreases inside the hole depth. The smaller the radius, the faster the decrease, as observed in Fig. 3(a) . Above the cutoff radius, the mode is propagating and is only slightly decreasing due to ohmic losses on the hole walls. This is why when looking at transmission properties of the aperture [ Fig.  3(b) ], the field enhancement at smaller radii cannot be observed if the layer thickness is sufficient to attenuate the field at the hole exit. However, if the screen is thin enough (for example, t Ͻ 50 nm), Fig. 3(a) would predict that the transmission should be higher for R = 75 nm (below the cutoff) than for R = 100 nm (above the cutoff).
For metals with infinite conductivity, the cutoff radius (or wavelength) is given by the zero of the corresponding Bessel function or its derivative. 25 For real metals, the cutoff radius is slightly smaller due to the fact that light penetrates inside the metal. In addition, due to the refractive index dispersion, the deviation from the infinitely conducting metal is wavelength dependent. Figure 4 enables us to compare the enhancement of the mean field intensity I S calculated at the aperture entrance ͑z =−5 nm͒ as a function of the hole radius [ Fig. 4(a) ] and the real and imaginary parts of the fundamental mode normalized propagation constant ␥ [Fig. 4(b) ], defined as the ratio between the mode propagation constant in the z direction and the free-space wavenumber: Fig. 2(a) . (b) Transmission defined as the ratio between the transmitted and the incident energy flux as a function of the radius. Parameters are as in Fig.  2(a) . The flux is measured through a circle of radius equal to the wavelength and positioned after the aperture for the transmission and before the aperture for the incident wave.
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It becomes evident that the drop in the mean intensity [and thus of the mean excitation density, Fig. 2(a) ] starts in the region below the cutoff, although for a lossy waveguide the cutoff is not accurately defined. We can assume that it appears where the real and imaginary parts of the propagation constant become almost equal, because at that point the derivative of the propagation constant has a maximum, corresponding to a minimum of the group velocity. As is well known, in this region the absorption losses of the mode increase significantly, which leads to a drop in local field intensity. This behavior is typical of all resonant phenomena in lossy media, which increases the absorption (see Section 3 for clear evidence in the case of classical lamellar gratings). However, one can wonder why I S continues decreasing for larger radii, although the imaginary part of the mode propagation constant becomes insignificant. One possible explanation can be found in the theory of photonic crystals. The maximum density of the states (in our case, the waveguide modes) appears exactly at the boundaries of the forbidden zone (i.e., at the cutoff) and decreases inside the allowed propagation zone (i.e., above the cutoff); thus the mode excitation strength decreases above the cutoff. Phrased differently, this means that when the group velocity (inversely proportional to the derivative of the propagation constant) is minimal, the mode excitation is maximal. Since above the cutoff the group velocity increases, there is no increase of I S above the cutoff. Thus, at one side, the maximum of the electric field intensity is expected to appear exactly at the cutoff, 26 as happens in the case of a rectangular aperture pierced in a perfectly conducting screen. 27 However, the absorption losses are also maximal at this point 28 (as is clearly visible in Fig. 8 below) , so that the maximum of I S is slightly shifted from the cutoff position.
The same conclusion can be drawn at the other excitation wavelength of 633 nm. Figures 5(a) and 5(b) present the variation as a function of the hole radius of the mean field intensity and of the real and the imaginary part of the fundamental mode propagation constant, respectively. As already viewed in Fig. 2(b) , here again we observe an increase in the mean field for small radii and a drop in the region where the fundamental mode becomes propagating. As in the case given in Fig. 4 , the maximum enhancement takes place when the aperture radius is ϳ1 / 4.5 of the optical wavelength inside the aperture ( / n w = 452.1 nm and the optimal radius is R m = 103 nm). Of course, due to the dependence of the cutoff on metal permittivity, the ratio between the optimal aperture radius and the wavelength will be different for other metals and will somehow depend on the wavelength.
To confirm the link between the drop in the mean excitation density (and intensity) and the position of the mode cutoff, we made a numerical experiment to separate this condition from the condition of optimal plasmon excitation on the metallic surface. This optimal condition is described in detail in Ref. 24 , and for a glass-aluminum interface it lies close to hole radius values equal to 120 nm. To move the fundamental mode cutoff away from this value of R, we have doubled the refractive index of the filling medium ͑n w = 2.8͒. The theoretical curve (Fig. 6 ) shows the same behavior of the mean field intensity: an enhancement for small radii and a decrease starting just below the fundamental mode cutoff. Due to the higher index of the filling material, this happens for smaller values of R, well separated from the optimal conditions of surface plasmon excitation, presenting proof that the peak is not linked to the excitation of a plasmon along the metallic surface.
RESONANT ABSORPTION IN METALLIC GRATINGS
To confirm the explanation of the origin of the peak in the mean field intensity inside the aperture (and thus of the maximum of fluorescence), in this section we study a onedimensional model in which no surface plasmon can be excited. This is the case of a metallic grating with lamellar grooves illuminated in TE polarization, with the electric field vector parallel to the grooves.
Resonant field enhancement and absorption in metallic gratings have been a topic of extensive study for more than a century, starting with the famous work of R. Wood. 29 It is beyond the scope of this paper to review this area; an interested reader can look at Refs. 30-32. It is worth mentioning that the resonant plasmon excitation can lead to a total absorption of incident light (Brewster's effect in metallic gratings 33 ) and absorption due to cavity resonances in lamellar gratings. 34 Here we present a numerical study of the absorption, due to a guided mode excitation inside the grooves of a lamellar metallic grating with a metallic substrate. This appears to be closely related to the anomalous field enhancement and its decrease, discussed in Section 2. Figure 7 presents the dependence of the total reflected energy by a lamellar aluminum grating in a geometry similar to Fig. 1 . The cladding is glass, the grooves are filled with the same solvent, and the substrate and the lamellae are metallic. The period is equal to 3 m, large enough to prevent direct field coupling due to tunneling through the lamellae walls. The wavelength is equal to 488 nm at normal incidence in TE polarization (electric field vector parallel to the groove direction), chosen to avoid the existence of the fundamental TEM mode in TM polarization, which has no cutoff. Two different values of the groove depth are chosen to distinguish the effect in shallow and deep gratings. There are several propagating diffraction orders and the sum of their efficiencies is presented in Fig. 7 as a function of the groove width. Several anomalies are observed, consisting of enhanced absorption at some specific groove widths. The shallow grating is characterized by dips in the total reflectivity, i.e., peaks in absorption (which is complementary to unity to the reflectivity). When the grating is very deep, each dip increases the total absorption without recovering the reflectivity as the groove width is increased further on, contrary to what happens with the shallow grating.
To identify the phenomenon, Fig. 8 (a) presents a zoom of Fig. 7 for small values of the groove width. As for a circular aperture, the modes in TE polarization inside the hollow waveguide formed by the groove walls bear a cutoff waveguide thickness. This is shown in Fig. 8(a) for the fundamental mode in which the propagation constant passes from almost imaginary to almost real value. By "almost" we mean that it is responsible for the peak (shallow grating) or the staircaselike (for deep grooves) increase in absorption. Absorption peaks for the shallow grating appear exactly with the appearance of the mode (cavity resonance). The fact that this mode becomes propagating increases its penetration inside the groove depth, together with the absorption as it propagates with losses (its propagation constant is then almost real, but not completely). In the same way as it happens for circular apertures, the mean field intensity, calculated at the groove opening, increases at first with the groove width [ Fig. 8(b) ], exhibits a maximum value just before the mode becomes propagating, and then decreases again. The enhancement of the mean field is less pronounced than for circular apertures because in TE polarization there is no plasmon excitation along the metallic surface and there are no edge effects (accumulation of charges at the edges) as long as the electric field is continuous everywhere. However, a peak similar to the peaks in discussed in Section 2 is observed.
The other anomalies in Fig. 7 can be identified with the appearance of higher-order waveguide modes inside the grooves as their width increases. 
CONCLUSION
Using a rigorous electromagnetic analysis, we have demonstrated that the experimentally observed enhancement of the fluorescence in subwavelength single holes can be essentially explained by the variation of the mean excitation field intensity at the excitation wavelength. By modeling the diffraction of light by a single hole pierced in a metallic screen and by a lamellar metallic grating, we have shown that the appearance of the fundamental propagating mode of the hollow metallic waveguide inside the hole or the grating grooves leads to a sharp increase of the absorption losses, which accounts for the drop of the mean field intensity inside the aperture.
The fact that a significant increase in the fluorescence is obtained for small-radius apertures can be especially interesting because it allows for the possibility to significantly reduce the excitation while still detecting a sufficient signal. This yields an efficient signal-to-background discrimination, even with attoliter volume and singlemolecule resolution. 13 The remaining systematic mismatch between the theoretical results and the experimental data could be due to the influence of the aperture on the emission properties of the fluorescent molecules, a phenomenon that requires further investigation. 
